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A new type of electromagnetic-acoustic transducer (EMAT) has 
been developed that may be particularly suitable for use as an 
element of ultrasonic arrays. The new transducer can generate and 
receive compact ultrasonic pulses that exhibit a component of polar-
ization parallel to the free surface. In the plane of symmetry that 
is normal to the free surface and bisects the EMAT (the sagittal 
plane), the ultrasonic signals generated by the new transducer are 
SH waves. In addition, the new transducer can efficiently receive 
ultrasonic signals from a very wide range of direction in the sagit-
tal plane. This property is required to realize very long synthetic 
aperture lengths, which are needed to maximize the transverse reso-
lution of ultrasonic inspection systems. The focusing performance 
of different linear synthetic array configurations using the new 
EMAT is compared analytically with that of a linear end-fire system 
using periodic-permanent-magnet (PPM) EMATs that have been used in 
the past in weld inspection. The advantages and inherent limitations 
of such systems are examined using analytical and numerical methods. 
Particular emphasis is placed on the analysis of arrays that can be 
focused obliquely with respect to the free surface and the potential 
usefulness of such systems in weld inspection. 
INTRODUCTION 
The use of special ultrasonic probing signals, horizontally 
polarized shear waves (SH waves) in nondestructive evaluation (NDE) 
*Contribution of the National Bureau of Standards and not subject 
to copyright. 
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has been considered in the past by several authors in the context 
of weld inspection. 1- 6 Historically, the interest in SH waves was 
generated by the fact that the directivity patterns of SH waves pro-
duced by elementary sources on the free surface of an elastic half-
space are considerably less complicated than those of vertically 
polarized shear waves (SV) waves and longitudinal waves (L waves).7-10 
This unique property of SH waves was found to be very useful in the 
design of practical inspection configurations. 2 In particular, the 
possibility of generating SH wave signals at grazi~g angles was found 
to be especially attractive in the inspection of butt welded plates 
and shells. 3,6,11,12 
Interest in the development of nondestructive evaluation tech-
niques based on the use of SH waves was also generated by the reali-
zation that SH waves may be more appropriate for the inspection of 
certain austenitic stainless steel welds. 4,s In this case, it was 
determined that SH waves can be used to overcome certain fundamental 
limitations imposed by the textured, columnar grain structures of 
multipass stainless steel weldments. 13 However, this subject in-
volves a discussion of elastic wave propagation in aeolotropic media 
and other concepts that are mainly beyond the scope of this paper. 
The propagation and scattering of ultrasonic waves in butt 
weldments modeled as isotropic and homogeneous plates can be studied 
in two different waves. In plates that are relatively thin compared 
to the ultrasonic wavelength in the bulk material, it is often advan-
tageous to represent the ultrasonic signals in terms of propagating 
and evanescent plate modes. 3,11,12 This approach can often result in 
a substantial simplification of the experimental system and less 
complicated data processing. 6 However, the plate mode description 
is not at all appropriate for thick plates when compact ultrasonic 
pulses are used to detect and characterize surface and interior de-
fects. 2 In such cases, the propagation and scattering of the ultra-
sonic signals is more adequately described using conventional diffrac-
tion and ray concepts. 14 ,lS 
The propagation of plane SH wave signals in plates is consider-
ably easier to analyze than SV waves and L waves, because SH waves 
are completely decoupled upon reflection from signals polarized in 
the plane normal to the plate (the sagittal plane).16,17 As a 
consequence of this simplification, SH plane waves reflect from the 
surface of the plate without a phase shift. 16 Using superposition, 
it can then also be shown that the same conclusion holds for all 
cases involving two-dimensional diffraction of SH wave signals by 
surface and interior defects. However, most practical nondestruc-
tive inspection configurations involve three-dimensional diffraction. 
In such cases, the reflection coefficient is purely real for certain 
symmetrical cases of incidence in the sagittal plane. Nominally SH 
wave rays, that do not lie in the sagittal plane, may then generate 
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other signals by mode conversion, resulting in an increased ultra-
sonic background level. 
In the past, a number of different weld inspection schemes using 
SH wave probing signals have been proposed. 2-4 In the majority of 
cases, such schemes relied upon the periodic-permanent-magnet (PPM) 
electromagnetic-acoustic transducer (EMAT) configuration, shown in 
Fig. 1. 18 Other transducer configurations have also been proposed. 19 ,20 
To overcome the inherently low conversion efficiencies, such EMATs 
were, in most cases, designed as linear end-fire arrays, which must 
be driven with sufficiently long tone bursts to attain maximum 
signal-to-noise performance and steer the acoustic beam in the de-
sired direction. Obviously, the resolution along the ray connecting 
the center of the transducer with the point of observation (range 
resolution) of such transducers is severely limited by the duration 
of the ultrasonic signal. The resolution in the plane transverse 
to the ray defining the range (transverse resolution) is limited by 
the physical length of the array, the direction of propagation, and 
the ultrasonic wavelength. In addition, the performance character-
istics of PPM and other EMATs of the end-fire type suffer from in-
adequate sidelobe suppression and inability to independently adjust 
important parameters of the ultrasonic beam, e.g., beam width, focal 
distance, beam steering angle, etc. 
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Fig. 1. A periodic-permanent-magnet (PPM) electromagnetic-acoustic 
transducer (EMAT) of horizontally polarized shear (SH) waves. 
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Fig. 2. Two simple permanent-magnet (PM) EMATs. 
Recently, a new EMAT configuration has been developed that may 
be particularly useful in dynamic and synthetic aperture applications. 
Generically, the new EMAT design is derived from the PPM EMAT shown 
in Fig. 1, but it uses only one (M = 1) or two (M = 2) pairs of per-
manent magnets. The M = 1 and M = 2 EMAT configurations are shown in 
Fig. 2. The M = 1 EMAT configuration is conceptually similar to a 
configuration described earlier in the literature. 21 However, the 
earlier EMATs were designed primarily to produce highly collimated 
ultrasonic beams propagating along the normal to the plate surface. 
In contrast, the M = 1 EMAT of Fig . 1 was specifically designed to 
produce signals with a large beam width. 
Like the PPM EMAT of Fig. 1, the new EMAT configurations of 
Fig. 2 can be used to generate and detect ultrasonic signals that 
exhibit a component of polarization parallel to the surface of the 
plate (SH waves). Because the new EMATs can be made small along 
the intersection of the sagittal plane and the free surface of a 
plate as compared to the wavelength, they can be used to generate 
and receive compact ultrasonic signals from a wide angular range 
(at least in the sagittal plane). These properties are needed to 
realize long synthetic aperture lengths (for high beam compression 
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ratios) that yield good range resolution performance, especially when 
large wavelengths must be used. The new transducers will be referred 
to here as permanent magnet (PM) EMATs. 
In this paper the subject of beam forming using the more conven-
tional PPM EMATs is considered, first, to illustrate the considerable 
shortcomings of linear end-fire transducers in the context of inspec-
tion of thick metal sections and welds. Second, some general proper-
ties of synthetic aperture systems are reviewed to highlight the most 
desirable features of such systems in thick section inspection appli-
cations. Third, the directivity patterns in the sagittal plane of 
the M = 1 and M = 2, PM EMATs are discussed. Attention is then 
focused on the use of the simple PM EMATs in synthetic and dynamic 
transducer arrays with better range and transverse resolution per-
formance than the PPM EMATs using a large number of permanent magnets. 
The properties of such arrays are studied using analytical and numer-
ical methods. Finally, two possible practical implementations of 
arrays using PM SH wave EMATs are discussed. 
ULTRASONIC DIRECTIVITY PATTERNS AND RANGE RESOLUTION OF 
PERIODIC-PERMANENT-MAGNET EMATs 
The factors governing the characteristics of ultrasonic beam 
patterns (e.g., directivity) by periodic-permanent-magnet (PPM) EMATs 
are considered in detail in References 8, 9 and 18, while the princi-
ples of the transduction mechanisms are discussed in References 22, 
23 and 24. The directivity pattern in the sagittal plane of the EMAT 
depicted in Fig. 1 can be determined approximately from a relation-
ship derived in Reference 18: 
DF = {!. Si~(~Sin¢)} {Sin[~ (1sin¢ - i)] e -j (M'IT/4)} 
(¢) 2 'ITD [D 2'IT 'IT ] (1) (-A- sin¢) sin 2(~sin¢ - n) 
where the angle ¢ is defined by the ray from the center of the PPM 
EMAT to an observation point and the normal to the surface of the 
plate. As shown in Fig. 1, the PPM EMAT is composed of a periodic 
array of M permanent magnets with a period L = 2D and half-width W, 
and a spiral wire coil that is always placed b~tween the magnet 
assembly and the surface of the metal plate. In practice, a spacer 
of thickness S (not shown) is inserted betwen the magnets to reduce 
eddy current losses. Then, L = 2(S + D). In Eq. (1) the parameter A 
is the bulk ultrasonic wavelength. 
An examination of the structure shown in Fig. 1 reveals that 
the PPM EMAT is essentially composed of M/2 cells (periods) that are 
connected in-parallel electrically and in-series ultrasonically. As 
a consequence, the PPM EMAT can be effectively modeled as a linear 
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end-fire antenna. This fact is reflected in Eq. (1), which can be 
interpreted as a product of element ("structure") and array ("form") 
factors. (For clarity the element and array factors are isolated 
in Eq. (1) using { } braces.) However, to realize narrow beam pro-
files and maximum transduction efficiencies, the EMAT of Fig. 1 must 
be driven electrically by a tone burst of electrical current that is 
at least M cycles long. Then, the principal direction (direction of 
maximum amplitude) of the ultrasonic beam can be determined from: 
~ = arc sin [~D] (2) 
The end-fire behavior of the PPM EMAT has been verified experiment-
ally using the calibration configuration shown in Fig. 3. (Figure 3 
shows a 152 mm radius, 203 mm wide aluminum test block of semi-
cylindrical cross-section.) In the configuration of Fig. 3, the PPM 
EMAT under test (transmitter EMAT) is placed symmetrically at the 
intersection of the two symmetry planes of the semi-cylindrical test 
block. On the curved surface of t.he block, a physically small (D 
2.5 mm and W = 5 mm), broadband EMAT of the type shown in Fig. 2 
(M = 1) is used as a probe. (It can easily be shown that the M = 1 
EMAT of Fig. 2 exhibits maximum sensitivity to SH wave signals propa-
gating along the normal to the surface. 21 The angles e and ~, de-
fining the coordinates of the observation point, are also shown in 
Fig. 3. 
Using the ultrasonic transducer calibration configuration of 
Fig. 3, the directivity patterns for a number of SH wave EMATs were 
evaluated. In particular, the radiation patterns of M = 16, D = 
3.2 mm, and S = 0.5 mm PPM EMATs were measured in the sagittal plane 
at 410 and 550 kHz. The two radiation patterns are shown in Figs. 4 
and 5, respectively. Also shown in Figs. 4 and 5 are the directivity 
patterns calculated using Eq. (1). 
A comparison of the experimental and theoretical results shown 
in Figs. 4 and 5 shows close agreement over a considerable range of 
~. In particular, in Fig. 4 the maximum amplitude is measured at 
the grazing angle, ~ = 0°. In Fig. 5, the maximum amplitude is mea-
sured at ~ ~ 50°, also in close agreement with the simple theory. 
However, the appearance of two major sidelobes in Fig. 4, and the 
slight broadening of the principal lobes in Fig. 5 are not predicted 
from Eq. (1). These discrepancies are attributed to the contamina-
tion of the radiation pattern by higher-order spatial harmonic con-
tributions and end-effects. Clearly, the sidelobes observed in 
Fig. 4 are not desirable in many experimental situations. However, 
of even greater concern is the temporal duration of the ultrasonic 
signals produced by long PPM EMATs. 
It is seen from Figs. 4 and 5 that reasonably good transverse 
resolution performance can be obtained by using PPM EMATs with a 
sufficiently large number of periods M/2. Significantly better 
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Fig. 3. An experimental configuration used in the mapping of E~~T 
directivity patterns. 
performance levels can be obtained using linear arrays with nonuni-
form element spacing. 25 , 2 6 However, to obtain good transverse reso-
lution using the end-fire construction, range resolution performance 
must be sacrificed. (For example, 8 rf cycles were required to pro-
duce the radiation patterns depicted in Figs. 4 and 5.) 
Along the principal direction of the ultrasonic beam, the 
range resolution ~r can be determined from Ref. 27: 
~r = v 12M 
s 
(3) 
where v is the bulk shear wave velocity and 6f is the rms system 
bandwidEh (pulse-echo operation is assumed). Clearly, PPM EMATs 
must sacrifice good range resolution for high directivity. However, 
considerable improvement in range resolution can be obtained using 
the shorter PM EMATs in conjunction with synthetic aperture and 
dynamic focusing techniques, which have recently been made very 
practical and cost-effective by significant advances in the field 
of digital signal processing. 4 
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Fig. 4. Measured and theoretical SH wave directivity patterns in 
aluminum. PPM EMAT with (D + S) = 3.7 rom and M = 16 at 
410 kHz. 
ENHANCEMENT OF TRANSVERSE RESOLUTION USING SYNTHETIC 
APERTURE FOCUSING 
Synthetic aperture and dynamic focusing techniques have been 
considered by many researchers as a means of improving the perform-
ance of medical and nondestructive evaluation systems. 28 ,29 However, 
in the past the use of such techniques has generally been evaluated 
in the context of piezoelectric-acoustic transducers, whose directiv-
ity patterns are significantly different from those of the EMATs. 
The purpose of this section is to review certain fundamental con-
straints of synthetic aperture systems that are directly influenced 
by the radiation patterns of the isolated transducer elements used 
to build up an array. 
Consider a linear array composed of electrically and ultrason-
ically isolated transducer elements, as shown in Fig. 6. In the 
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Fig. 5 . Measured and theoretical SH wave directivity patterns in 
aluminum. PPM EMAT with (D + S) = 3.7 rnrn and M = 16 at 
550 kHz. 
far-field of a single transducer, the effective beam-width is deter-
mined only by the bulk wavelength A, the transducer aperture length 
L, and the range from the transducer to the defect R. From the 
construction of Fig. 6 it then follows that the rnaxigum usable length 
L of a synthetic aperture array is given by : 
s 
L 
s 
AR 
o 
L 
(4 ) 
A longer array does not produce further improvements in the 
system performance because the defect is no longer in the field of 
view of the a dditional transducer elements. It can then be shown 
that the best achievable transverse resolution 6L is given by: 27 
6L A e: -R L 0 
s 
e:L (5) 
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Fig. 6. Geometry used to analyze the focusing performance of 
synthetic-aperture, ultrasonic inspection systems. 
where e: = 1 for a one-way system and 1/2 for a two-way ("pulse-echo") 
system using the full synthetic aperture length L. Efficient 
synthetic aperture focusing is feasible within th~ near-field of the 
array, whose maximum range (R ) is approximately given by:28 
L 2 0 max 
(Ro) max = -f- (6) 
The effect of synthetic aperture focusing using the time-delay 
focusing method is to make the synthetic array curved, with R at 
the radius of curvature. 29 Beam-steering is also possible byOintro-
ducing appropriate amounts of time-delay as a function of transducer 
element position in the array. Both effects are illustrated in 
Fig. 7. 
The formation of focused ultrasonic beams at an angle with re-
spect to the surface is important in practical applications because 
the presence of the weld reinforcement (crown) and the orientation 
of specific defects often restricts the use of symmetric arrays. 
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Fig . 7. Geometry used to define the parameters of synthetic 
apertures optimized for oblique focusing. 
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From the construction in Fig. 7, it can be shown that the effective 
aperture L is reduced when the focal point does not lie on the 
axis bisec~ing the array. As a result, the end of the near-field 
region of the obliquely focused array is not as far as in the normal 
case. The end of the near-field zone for oblique focusing [R ( ~ )] 
is approximately given by: o max 
(7) 
Obviously, to increase [R (~)] it is necessary to obtain as 
long a usable synthetic apertu~e le~£h L as possible. This is 
particularly true for cases of large ¢. K further complication is 
introduced by the directivity patterns of practical transducers, 
which usually exhibit a limited angular beam width. Fortunately, 
the special characteristics of the two SH wave EMAT configurations 
shown in Fig. 2 can produce plane wave components at all angles ¢ 
in the sagittal plane and, therefore, permit the realization of 
longer synthetic aperture lengths than piezoelectric transducers. 
The directivity patterns of the simple EMATs of Fig. 2 and their 
effect on the ultimate resolution of practical synthetic apertures 
are examined in the following sections. 
ULTRASONIC DIRECTIVITY PATTERNS AND TRANSVERSE RESOLUTION OF 
SIMPLE PM EMATs 
. The dir:cti~ity patterns of the two simple PM EMAT configura-
t10ns shown 1n F1g. 2 have been measured using the transducer cali-
bration system illustrated in Fig. 3. The measured directivity pat-
terns were then compared with the theory [Eq. (1)]. The measured 
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and calculated responses of the two simple EMAT configurations of 
Fig . 2 are shown in Figs. 8 and 9. The radiation pattern of the 
"half-period" (M = 1) and "full-period" (M = 2) SH wave EMATs have 
been measured at 520 and 880 kHz, respectively . It is seen from 
Figs. 8 and 9 that the correspondence between the theory and experi-
ment is very close. Consequently, it can be assumed that Eq . (1) 
can be used to predict the directivity patterns of the two transducer 
types at other frequencies. 
An examination of the directivity pattern shown in Fig. 8 re-
veals that the "half-period" (M : 1) EMAT can be used to collect 
ultrasonic data from a very wide range of angles. In fact, it can 
be concluded that the maximum usable field of view is 180 0 when A 
is larger than twice the aperture length L. Experimentally, the 
above observation can be related directly ~o the "optical" resolution 
~A of a curved array, which is given by : 
cP (degrees) 
SIGNAL (mV) 
60 
Aluminum, t • 1 52 mm 
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- Theoretical 
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9 = O· 0 = 3 .2 mm 
520 kHz 
Fig. 8. Measured and theoretical SH wave directivity patterns in 
aluminum . "Half- period" ( M = 1), PM EMAT ~ith D = 3 . 2 mm 
at 520 kHz. 
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Fig. 9. Measured and theoretical SH wave directivity pattern in 
aluminum. "Full-period" (M = 2), PM EMAT with (D + S) = 
3.7 mm at 880 kHz. 
M '" 2sin~/i (8) 
where A is the ultrasonic wavelength and ~ is the viewing angle 
(angular aperture) of a synthetic aperture array, as shown in Fig. 7. 
(The viewing angle ~ can be directly related to the numerical aper-
ture (f/number) of a curved array.) 
From the discussion in the preceding section, it follows that 
very long synthetic aperture lengths can be obtained using the half-
period (M = 1) EMAT of Fig. 2. This fact has an important practical 
consequence. Consider a defect positioned just below the free sur-
face, as shown in Fig. 7. Assuming that the sensitivity of the sys-
tem is not limited by phase errors, electronic noise, and ultrasonic 
and electromagnetic interferences, and that the signal amplitudes 
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are a priori compensated for diffraction and propagation losses, the 
effective synthetic aperture length L can be made arbitrarily large. 
As a consequence, the viewing angle ~scan be made to approach 90° for 
¢ ~ 90°. For ¢ ~ 0°, ~ ~ 180° is theoretically permissible. 
The directivity pattern of the "full-period" (M = 2) EMAT of 
Fig. 2 is significantly different from that of the M = 1 EMAT. In 
particular, the amplitude vanishes for ¢ = 0° for all operating fre-
quencies and is very small for ¢ = ±90° at 880 kHz. The former 
effect is a consequence of symmetry and the latter of the A/(2D + S) 
ratio at 880 kHz. The directivity pattern of Fig. 9 can be desirable 
in certain applications. In particular, it can be used effectively 
to reduce resonant reverberation by the ray normal to the free sur-
faces of a plate. However, the M = 2, PM EMAT does not permit the 
realization of as long synthetic aperture lengths as the M = 1 PM 
EMAT. 
Although the two PH EHATs of Fig. 2 cannot produce radiation 
patterns that are altogether independent of ¢ and frequency, the 
variations are predictable from Eq. (1). Therefore, it should be 
possible to adjust the gains applied to each element of the array 
to produce the effect of a lens with widely variable focal length 
R and oblique focusing angle ¢. Furthermore, the availability of 
expressions for the directivity patterns and diffraction losses per-
mits the modeling of the focusing properties of arrays on the basis 
of Huygens principle. This can be accomplished by replacing the 
usual ("optical") expression for a Huygens wavelet by the appropriate 
directivity function. 
CALCULATED RESPONSES OF SYNTHETIC ARRAYS USING PM EMATs 
Since a synthetic array is usually focused at a particular 
point within an elastic solid, it must be defocused at other points. 
Therefore, to understand the focusing performance of a particular 
array, it is necessary to describe the ultrasonic fields in the 
neighborhood of the focal point. Here, for computational and analyt-
ical convenience it is assumed that each element of the array gene-
rates a spherical wave ~., which can be represented in the sagittal 
1. plane by: 
DF. (¢. ,w) 
1. 1. 
r . 
01. 
-+-+ j(kor .-wt) 
e 01. A(w) (9) 
where k is the wave-number (2rr/A), w is the angular frequency, r . 
is the distance from the particular array element to the observa~ion 
point, and A(w) is the spectrum of the ultrasonic signal. DF.(¢.,w) 
is the directivity function, which may also include the effecEs 6f 
lift-off and changes in inductive coupling as a function of material 
parameters. For simplicity, Eq. (1) may be used to approximate DF 
(¢,w). 
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At the focal point of the array the total response is given by: 
()() 
(10) 
Then. for points in the neighborhood of the focal point xf • Eq. (11) 
takes the form: 
00 
1jJ (x ,t) 
o 
(rf .-r.) -jwt A( ) 1 01 e w (11) 
where r f . is the distance from the i'th EMAT element position to the 
focal point xf of the array, as shown in Fig. 10. Vs is the bulk 
shear wave velocity. 
An approximate solution to Eq. (11) can be obtained by assuming 
a Gaussian spectrum A(w): 
1 _~ (W-Wo) 2 
A(w) = ~w 12n e \-z;- (12) 
Position Of i'th Array Element 
1+1 1-1 
r - r I Focal Point 
Observation Point 
Fig. 10. Geometry used for calculating responses of synthetic PM 
EMAT arrays in the sagittal plane. 
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The integrals in Eq. (11) can then be readily evaluated using 
the saddle-point method of integration. 3D The saddle-point occurs at: 
w 
When all the signals are correlated at the focal point xf(t 
W »(l1w)2 (rf.-r .)/v 
o 1 01 S 
(13) 
0) and 
~L DF. (¢. ,w ) e j w (rf·-r .) -!:2 ~:Y (rf .-r .) 2 1jJ (x ,t) 110 0 2nr 1 01 e 1 01 0 v 
i oi s 
(14) 
Equation (13) can be used to study the focusing properties of 
synthetic arrays at maximum correlation. It is interesting to note 
that in the limit as I1w approaches 0, Eq. (14) is the same as for a 
monochromatic array. 
Since in many practical applications it is not possible to cen-
ter the synthetic array directly above a defect, e.g., in weld in-
spection, it is of interest to examine the focusing properties of 
arrays that are focused obliquely with respect to the free surface. 
Oblique focusing is also required because SH waves propagating at 
right angles with respect to the free surface and polarized along 
the long defect dimensions are insensitive to planar defects that 
are oriented normal to the plate surfaces. In practice such defects 
are most likely to precipitate failure because of their orientation 
relative to the applied and residual stress fields. For this rea-
son, cases of normal (on-axis) and oblique (off-axis) focusing were 
studied. 
Using Eq. (13), the focusing performance of different synthetic 
arrays using the PM EMATs of Fig. 2 was investigated. In particular, 
Fig. 11 shows contour maps of three ultrasonic field distributions 
(log scale) produced by a 50-mm-long array of M = 1 PM EMATs with 
d = 3.2 mm and w /2n = 550 kHz focused at a depth of 25 mm below 
the free surface? In Fig. 11, three representative cases are shown: 
(1) the focal point located directly below the center of the array, 
(2) the focal point located directly below the first element of 
the array, and (3) the focal point 25 mm in front of the first ele-
ment of the array. The array shown in Fig. 11 has 2.5 mm element-
to-element spacing and is driven by a tone burst with I1w/w = 33%. 
The amplitudes of the correlated signals are indicated foroeach 
focal point, in relation to the case of focusing directly below the 
center of the array. The focusing performance of the same physical 
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Fig. 11. Focusing performance of a 50-rum-long array of M = 1, PM 
EMATs focused at three different points 25 rum below the 
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Fig. 12. Focusing performance of a 50-mm-long array of M = 1, PM 
EMATs focused at three different points 25 rum below the 
free surface. The array operates at w /2TI = 850 kHz and 
has 33% fractional bandwidth. 0 
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array, but operated at 850 kHz, is shown in Fig. 12. From the plots 
shown in Figs. 11 and 12 it can be verified that the transverse reso-
lution ~ increases with frequency in accordance with Eq. (8), and 
decreases with ~, because the effective array length is shorter. 
For comparative purposes, it is useful to examine the focusing 
performance of an array similar to that shown in Fig. II, but with 
a significantly longer element-to-element spacing. Figure 13 shows 
a contour map of the ultrasonic field produced by a sparse (under-
sampled) EMAT array at w /2TI = 550 kHz when 12.5-mm element-to-
element spacing is used. o A comparison of Fig. 11 with Fig. 13 shows 
that the contours of the main lobe, centered in the vicinity of the 
focal point, are essentially the same. However, in Fig. 13 the 
appearance of two large (grating) sidelobes can be observed. In 
this case, the broad spatial extent and high amplitude of the side-
lobes defeats the main purpose of synthetic aperture focusing. 
Figure 14 shows the focusing performance of a 50-mm-long, 550 kHz 
array with ~w/w = 33% and 2.5-mm element-to-element spacing that 
uses the M = 2 ~M EMAT elements. The performance of this array 
should be compared directly to that shown in Fig. 11. It is seen 
that the performance of this array is not quite as good as that 
using the M = 1 PM EMATs. However, this array may be useful in 
practice, because the M = 2 PM EMATs produce a significantly smaller 
ultrasonic background level that reverberates between the free sur-
faces of a plate. In certain applications this may be a distinct 
advantage. 
To study the effect of array length on the focusing performance, 
the field distributions of a 50-mm-long and 250-mm-long M = 1 PM 
EMAT array , operating at 500 kHz, were compared. The results are 
shown in Fig. 15 for the case of focusing at a point 25 mm below the 
free surface and directly below the first element of the array. In 
Fig. IS, the amplitudes of the signals correlated at the focal point 
are not pre-emphasized to compensate for the effects of diffraction. 
It is seen that the total amplitude of the ultrasonic signal evalu-
ated at the focal point is smaller (0.80) for the shorter array than 
for the longer array (1.51). However, the additional gain is not 
commensurate with the greatly increased array length. Also, the 
range and transverse resolution in the two cases are not signifi-
cantly different 
An evaluation of the results shown in Figs. 11-15 reveals that 
the transverse resolution ~ agrees qualitatively with the simple 
theory of Eq. (8). The effect of the large angle ~ on the trans-
verse resolution ~A is especially pronounced in Fig. 15. The quan-
titative differences between the simple theory of Eq. (8) and the 
actual transverse resolution determined directly from Figs. 11-15 
(using the l/e criterion) are attributed to the effective apodization 
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first element. Both arrays operate at 500 kHz with 33% 
fractional bandwidth. The correlated signals are not pre-
emphasized to compensate for diffraction effects . 
(taper) of the arrays by diffraction effects and the dependence 
of the EMAT directivity function [Eq. (1)] on the angle~. Under 
certain circumstances it may be possible to compensate for such 
effects by varying the gain of each element as a function of element 
position in the array. (Analytically, this can be done by evaluating 
Eq. (13) with the factors DF.(¢., w )/r . set to unity.) 
J. J. 0 oJ. 
For comparative purposes the focusing performance of the array 
shown in Fig. 11 was evaluated in the limit as ~w approaches O. The 
resulting contour plot is shown in Fig. 16. An examination of Fig. 
16 shows that the contour patterns of Figs. 11 and 16 are consider-
ably different. The major differences between Figs. 11 and 16 are 
caused by the time-limited nature of the signals used to dr'ive the 
array in Fig. 11. As a consequence, it can be expected that the 
synthetic aperture approach can offer significant improvements in 
practical systems. In particular, this approach promises a signifi-
cant reduction of the importance of multiple echoes caused by rever-
beration between the free surfaces of a plate. This follows directly 
from the fact that the dimensions of the resolution cell, ~r and ~A 
estimated from Figs. 11-15, are smaller than the thicknesses of 
practical plate weldments. 
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DISCUSSION 
An array can be viewed as an aperture excited in localized areas 
by isolated elements that, in general, exhibit nonisotropic radiation 
characteristics and may be driven by generators of unequal strength. 
Upon reception, the gain of the receiver preamplifiers may also vary, 
depending on the time and spatial coordinates of the elements. Gene-
ral methods needed to calculate the responses of practical arrays 
are found in the literature. 27 ,31,3 2, 33 
In ultrasonic nondestructive evaluation, the ability of an 
array inspection system to detect and characterize a potential de-
fect is limited principally by the resolution. High resolution can 
be attained either by forming an intersecting family of focused, 
monochromatic beams that can be scanned across the defect by applying 
appropriate phase shifts to individual elements, or by using time-
limited ultrasonic signals that can be made to correlate at a parti-
ular point within an elastic solid by time-delay techniques. Recent 
technological advances in the fields of digital processing of ultra-
sonic signals and electromagnetic-acoustic transducer design have 
made the latter approach particularly attractive . 4 For this reason 
the synthetic aperture alternative to improved resolution has been 
explored in this paper. 
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In practical applications, it is often necessary to aim a linear 
array at an oblique angle and, then, to scan the ultrasonic beam over 
a range of angles in the sagittal plane. For example, in weld in-
spection it is often not possible to place an array directly above 
the region to be inspected because of the presence of certain geomet-
rical obstacles (e.g., the weld crown). Since the angular scanning 
range is restricted primarily by the element beamwidth, it is advan-
tageous to build up the array using elements with broad angular radia-
tion patterns. In this paper, this problem has been addressed by 
building up the arrays using SH wave electromagnetic-acoustic trans-
ducers with a small aperture length in relation to the ultrasonic 
wavelength. The use of SH waves is advantageous because the radia-
tion patterns of elementary SH wave line-sources are omnidirectional 
in the sagittal plane. whereas those of shear waves polarized in the 
sagittal plane (SV waves) and longitudinal waves are very compli-
cated. 7 '8 The use of SH waves has also other important practical 
advantages in defect detection and characterization. 3-6 
Because of its inherent complexity, the subject of ultrasonic 
scattering from defects was omitted in this paper. Instead, it was 
implicitly assumed that the scatterers were ideal line or point 
targets. However, this idealization must not be considered a major 
limitation, because of the recent emphasis on long-to-medium wave-
length inversion techniques in defect characterization, particularly 
in weld inspection.3'~'6'11 
In this paper, the focusing and beam steering properties of 
several arrays of practical dimensions have been studied using a 
combined analytical-numerical approach. The performance of the 
arrays was simulated numerically on the basis of the empirically 
determined response of a new type of array element with a broad beam 
width. The results of the study strongly suggest that it may be 
feasible to fabricate practical arrays using SH wave EMATs that, 
although operating at relatively low frequencies (large wavelengths), 
would outperform in resolution and scanning range the conventional, 
unfocused ultrasonic inspection systems. (This implication is par-
ticularly important in weld inspection and nondestructive evaluation 
of thick section structures.) In practice, such arrays could either 
be implemented by mechanically scanning simple transmitter and re-
ceiver EMATs over the surface of the part to be evaluated, or by 
using physical arrays composed of many individual EMAT elements. 
The former approach involves essentially in-series processing of the 
ultrasonic data, while the latter is essentially an in-parallel sig-
nal processing approach. 
The main practical limitation of the in-series signal process-
ing scheme may be caused by phase errors associated with the mechan-
ical scanning of the single transmitter and receiver EMATs. This 
approach may also be limited by the total ultrasonic power that 
can be concentrated in the neighborhood of a defect. Although the 
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in-parallel approach can produce higher ultrasonic power densities 
(albeit at higher cost), it suffers from the disadvantage of rather 
sparse element-to-element spacing, imposed by the physical configura-
tion of the EMATs. (This limitation is easily overcome in the in-
series approach.) However, in the in-parallel approach the relative 
element positions are fixed. This raises the possibility of utili-
zing the phase information (interferometry), which can lead to even 
better resolution than that defined by "optical" relationships. A 
definitive choice between the two approaches can only be made after 
having taken into account the details of the expected scattering 
mechanisms, specimen geometry, and the cost factors related to a 
specific hardware implementation. 
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